H+-ATPase appears to play an important role in the extrusion of H+ out of cells4, 5, 13).
We reported previously that cellulolytic bacteria such as Ruminococcus albus and Fibrobacter succinogenes contained much smaller amounts of H+-ATPase than relatively acid-tolerant ruminal bacteria such as Streptococcus bovis and Megasphaera elsdenii17). In addition, the cellulolytic bacteria did not alter the amount of H+-ATPase as the culture pH changed, whereas the acid-tolerant bacteria increased the amount of H+-ATPase in response to low pH17). These observations suggested that the regulation of H+-ATPase synthesis is different between acidtolerant bacteria and acid-intolerant bacteria.
The optimal pH of H+-ATPase was similar (around 7.5) between the cellulolytic bacteria and the acidtolerant bacteria, but the activity of H+-ATPase from the cellulolytic bacteria decreased more abruptly with the decrease in pH, as compared to the acid-tolerant bacteria17).
Furthermore , the stability of H+-ATPase and the properties of the F1-sector that has enzymatic activity were shown to be different between the two groups of bacteria (unpublished results).
In order to explain the difference in properties of H+-ATPase and in the regulation of H+-ATPase synthesis, we analyzed the structural gene encoding H+-ATPase (atp operon) and its regulatory regions . Although atp operons have been cloned and sequenced in many bacteria including several anaerobes , no report on the atp operon of ruminal bacteria is currently available. This paper describes the sequence analysis of the atp operons of S. bovis and R. albus.
The current paper reports the first step of our study, which will be followed by the next step dealing with the regulation of H+-ATPase synthesis in near future. The ultimate goal of our study is to confer acid tolerance to acid-sensitive bacteria such as cellulolytic bacteria by modifying the structure of their H+-ATPase to that having higher activity, or by enhancing the synthesis of H+-ATPase.
Materials and Methods
Bacterial strains and growth conditions S. bovis JB1 and R. albus ATCC7 were with gentle shaking. Finally, DNA was extracted by ethanol precipitation after the treatment with phenol-chloroform19). The presence of chromosomal DNA was confirmed by agarose-gel electrophoresis after the treatment with RNase A19). Preparation of custom primers Primers for the inverse PCR and sequencing were designed with an aid of OligoTM (National Bioscience) and prepared commercially (Pharmacia Biotech.). Amplification of chromosomal DNA by PCR with degenerate primers Degenerate primers were designed by targeting the of S. bovis atp operon was the same as that of Streptococcus mutans25), which is an acid-tolerant bacterium. The open reading frame (ORF) for atp I (inhibitor protein), which has been reported to exist in other bacteria6, 7, 22), was not present in S. bovis. Also in this respect, S. bovis was similar to S. mutans25) and Enterococcus hirae24).
In the case of R. albus, there were two overlapping ORFs in the area corresponding to the area of atp I: One ORF was ca. 400bp long, which potentially encodes 14.9kDa protein consisting of 134 amino acid residues, and the other ORF was ca. 360bp long, which might encode 13.7kDa protein having 120 amino acid residues. These two ORFs were highly homologous to each other, but were not highly homologous to the sequence of apt I reported for E. coli or Bacillus subtilis14, 22 1) Homology (%) was calculated as described by Needleman and Wunsch (1970).
2) Numbers in parentheses represent the percentage of similar amino acids.
3) Cited from Genbank.
termination site exists in this area .
In R. albus, an approximately 300bp intergenic region upstream of the 14.9kDa protein was rich in A and T (68%), and contained several palindromic sequences, which suggests that this area is a regulatory region. The region upstream of this area was suggested to be an ORF that has a high amino acid mannanase (GenBank accession number U39812). In the area downstream of this ORF, there was a long palindromic sequence, suggesting that this part is a transcriptional termination site. The overlapping area of the ORFs for 13.7 and 14.9kDa proteins described above had also many palindromic sequences. The region downstream of the translational termination site had a long palindromic sequence, and contained many A and T, suggesting that this part is the transcriptional start site of the atp operon.
There was no overlapping ORF in the atp operon of
S. bovis. The length of the intergenic regions was 39 by (atp E-B), 15bp (B-F), 31bp (F-H), 16bp (H-A), 25bp (A-G), 68bp (G-D), and 13bp (D-C).
Palindromic sequences were found in the relatively long intergenic regions: There were 2, 1, and 1 palindromic sequences at E-B, F-H, and G-D, respectively. These palindromic sequences may affect gene expression in S. bovis, as suggested for other bacteria14, 22). The regulation at the E-B intergenic region may be especially tight, although this region is shorter than the corresponding intergenic region in other bacteria6, 7, 22) . There were six intergenic regions in the atp operon of R. albus. The length of the intergenic regions was 132bp (atp B-E), 33bp (E-F), 45bp (H-A), 15bp (A-G) and 64bp (G-D).
The intergenic region between atp G and D was much longer than that of other bacteria. The ORF for 13.7kDa protein was overlapped with that for atp B, and atp D and atp E were also overlapped with one another. The stop codon of atp F and the initiation codon of atp H were also overlapped. There were 2 and 1 palindromic sequences in the two intergenic regions, B-E and E-F, respectively. Thus, many differences in possible regulatory regions between S. bovis and R. albus were found, but how the differences affect the regulation of the synthesis of H+-ATPase remains to be clarified.
If it is possible, in future, to make acid-tolerant fibrolytic ruminal bacteria, the fiber digestion in the rumen will be greatly improved. 
